A derepression mode of cell-fate specification involving the transcriptional repressors Tbr1, Fezf2, Satb2, and Ctip2 operates in neocortical projection neurons to specify six layer identities in sequence. Less well understood is how laminar fate transitions are regulated in cortical progenitors. The proneural genes Neurog2 and Ascl1 cooperate in progenitors to control the temporal switch from neurogenesis to gliogenesis. Here we asked whether these proneural genes also regulate laminar fate transitions. Several defects were observed in the derepression circuit in Neurog2
A derepression mode of cell-fate specification involving the transcriptional repressors Tbr1, Fezf2, Satb2, and Ctip2 operates in neocortical projection neurons to specify six layer identities in sequence. Less well understood is how laminar fate transitions are regulated in cortical progenitors. The proneural genes Neurog2 and Ascl1 cooperate in progenitors to control the temporal switch from neurogenesis to gliogenesis. Here we asked whether these proneural genes also regulate laminar fate transitions. Several defects were observed in the derepression circuit in Neurog2 
deep-layer neurogenesis while reducing Satb2
+ upper-layer neurogenesis. Similarly, acute misexpression of Neurog2 in early cortical progenitors promoted Tbr1 expression, whereas both Neurog2 and Ascl1 induced Ctip2. However, Neurog2 was unable to influence the derepression circuit when misexpressed in late cortical progenitors, and Ascl1 repressed only Satb2. Nevertheless, neurons derived from late misexpression of Neurog2 and, to a lesser extent, Ascl1, extended aberrant subcortical axon projections characteristic of early-born neurons. Finally, Neurog2 and Ascl1 altered the expression of Ikaros and Foxg1, known temporal regulators. Proneural genes thus act in a context-dependent fashion as early determinants, promoting deeplayer neurogenesis in early cortical progenitors via input into the derepression circuit while also influencing other temporal regulators.
neocortex | laminar fate specification | derepression circuit | proneural genes | temporal identity N eocortical neurons project to nearby or distant targets, depending on their molecular identity and correlating with laminar position. Deep-layer corticofugal neurons project subcortically and include layer VI corticothalamic neurons, which target the thalamus, and layer V subcerebral neurons, which project to the spinal cord, basal ganglia, and other distant targets (1) . Conversely, layer IV granular neurons are the major site of thalamic input, whereas layer II/III callosal neurons form corticocortical connections. A cross-repressive gene-regulatory network operates in postmitotic projection neurons to specify laminar fates and to repress competing laminar identities (Fig. 1A) (2) . Tbr1, a T-box transcription factor expressed in layer VI, specifies a corticothalamic neuronal fate (3) and also represses the expression of Fezf2, a zinc finger transcription factor that specifies a layer V subcerebral identity (4, 5) . Fezf2 represses Tbr1 expression and a corticothalamic fate in layer V neurons (6, 7) and also represses the expression of Satb2 (8) , an AT-rich DNA-binding protein that specifies a layer II-IV callosal identity (9, 10) . In layer II-IV callosal neurons, Satb2 represses the expression of Ctip2/Bcl11b, a zinc finger transcription factor that controls layer V subcerebral projection patterns (11, 12) . Ctip2 in turn represses Tbr1 expression in layer V, closing the negative feedback loop (2) .
Laminar identity is refined in projection neurons, but layer fates are initially determined at the progenitor cell level (13) . The six neocortical layers arise from dorsal telencephalic (cortical) progenitor cells between days E10.5 and E17 in mouse. The earliest-born neurons form a preplate (PP) that later is split into an overlying marginal zone (layer I) and underlying subplate (transient layer VII). The remaining neuronal layers then differentiate sequentially, with layer VI neurons born next, followed by the differentiation of layer V, IV, III, and II neurons (14) . Cortical neurons arise from two progenitor pools: radial glial cells (RGCs) in the ventricular zone (VZ) and intermediate neuronal progenitors (INPs) in the subventricular zone (SVZ). Cortical RGCs are multipotent, undergoing sequential fate restrictions to give rise to deep-and then upper-layer neurons (15) .
Significance
Projection neurons of the neocortex represent a diverse neuronal population that can be conveniently classified into three broad categories based on axon projection patterns: corticothalamic, subcerebral, and callosal. These neuronal subtypes are known to be specified postmitotically by a cortical derepression circuit involving the key transcription factors Tbr1, Fezf2, Satb2, and Ctip2. However, projection neuron identities are also known to be determined at the progenitor cell level, but the molecular mechanisms are poorly understood. Here we reveal that the proneural genes Neurog2 and Ascl1, which are together expressed in neocortical progenitors, cooperate to regulate the expression of components of the cortical derepression circuit to specify corticothalamic and subcerebral identities while repressing a callosal fate.
Intrinsic signals that specify temporal identities within cortical progenitors include Foxg1, a winged-helix transcription factor that initially represses a layer I identity and later promotes deeplayer cortical fates (16) . The subsequent switch from deep-to upper-layer cell fates also involves the repression of Tbr1 by Foxg1 (17) . In addition, Ikaros/Ikzf1, a homolog of the temporal regulator hunchback in Drosophila, confers an early identity when overexpressed in the cortex (18) . Finally, loss of Ezh2, part of polycomb repressive complex 2 (PRC2), confers an early identity to cortical progenitors (19) . The proneural genes Neurogenin 2 (Neurog2) and Achaete scute-like 1 (Ascl1) also act in cortical progenitors to specify early-layer fates; Neurog2 is required for the generation of layer I, VI, and V early-born neurons but not late-born upper-layer neurons (20) (21) (22) , and Ascl1 is required for the generation of a subset of early-born layer I neurons (23) . Strikingly, Neurog2 and Ascl1 act together to regulate the timing of the switch from neurogenesis to gliogenesis, with precocious gliogenesis occurring in Neurog2 −/− ;Ascl1
cortices (24) . However, the influence of these proneural genes on laminar fate transitions and on the postmitotic derepression circuit has not been assessed directly. In this study we used both loss-and gain-of-function strategies to provide evidence that Neurog2 and Ascl1 control the timing of neuronal laminar fate transitions by regulating the postmitotic derepression circuit, in addition to controlling other temporal regulators.
Results

Tbr1
+ Neurons Expand into the Upper Cortical Plate in Neurog2
−/− Cortices. Neurog2 and Ascl1 are both expressed in cortical progenitors (25) , beginning at E10.5, when neurogenesis begins, extending through E12.5, when deep-layer neurons differentiate, and continuing through (and past) E15.5, when upper-layer neurogenesis occurs (Fig. S1 ). We predicted that Neurog2 and Ascl1 may regulate temporal fate changes, controlling not only the switch from neurogenesis to gliogenesis (24) but also time-dependent transitions between laminar fates. To address this possibility, we examined components of the derepression circuit, Tbr1, Fezf2, Satb2, and Ctip2, in Neurog2;Ascl1 single and double mutants (Fig.  1A) . We could not assess postnatal stages, when neurons have migrated to their final layers, because Neurog2;Ascl1 single and double mutants die at birth, so we conducted our studies at E17.5, when neurogenesis is complete. All analyses were conducted in dorsomedial domains, where a third proneural gene, Neurog1, is not highly expressed (20) . In addition, because migration is still ongoing and layers are not clearly demarcated at E17.5, for quantitative purposes, the cortical plate (CP) was divided in half into what are hereafter called the "upper CP" and "lower CP" (schematized in Fig. 1A′ ). Finally, all comparisons of neuronal number were made relative to wild-type controls.
We first examined Tbr1, a factor required for the differentiation of layer VI corticothalamic neurons (3). Fewer Tbr1 + neurons were found in the lower CP (1.27-fold decrease; n = 3; P < 0.01) and overall (1.24-fold decrease; n = 3; P < 0.01) in Neurog2 −/− cortices ( Fig. 1 B, C, N , and N′), a finding that is consistent with the requirement for Neurog2 to specify a layer VI identity (21) . In contrast, Tbr1
+ neurons were at wild-type levels in Ascl1 −/− cortices ( Fig. 1 B, D , N, and N′). In Neurog2 −/−
;Ascl1
−/− cortices, even fewer Tbr1 + neurons were observed in the lower CP (1.80-fold decrease; n = 3; P < 0.001), but Tbr1 was ectopically expressed in the upper CP, where this marker is not normally expressed at high levels (8.76-fold increase; n = 3; P < 0.01) (Fig. 1 B, E , N, and N′). Expansion of Tbr1 expression into the upper CP in double mutants was most evident rostrally, where all additional analyses were focused. Because Tbr1
+ neurons were reduced in the lower CP and were expanded in the upper CP, the overall number of Tbr1 + neurons was unchanged in Neurog2
−/− cortices (Fig. 1N′) . Finally, ectopic Tbr1
+ cell clusters were also observed in the Neurog2
−/− germinal zone (GZ) (46.92-fold increase; n = 3; P < 0.001) ( Fig. 1 E and N) . Similar ectopic clusters of cells expressing the panneuronal markers Tuj1 (Fig. S2 A-D) and NeuN (Fig. S2 E-H 
−/− rostral cortices ( Fig. 1 F-I ). We next assessed the expression of Ctip2, which establishes a subcerebral layer V identity in the derepression model (2) . In Neurog2 −/− cortices, fewer Ctip2 + neurons were found in the lower CP (1.68-fold decrease; n = 3) and overall (1.17-fold decrease; n = 3; P < 0.01; Fig. 1 J, K, O, and O′). There also was a reduction in Ctip2 + neurons in Ascl1 −/− cortices in the lower CP (1.46-fold decrease; n = 3; P < 0.001), upper CP (1.21-fold decrease; P < 0.05), and overall (1.43-fold decrease; P < 0.001; Fig. 1 + neurons in the lower CP (5.96-fold; n = 3; P < 0.001), upper CP (2.56-fold; P < 0.001), and overall (3.62-fold; P < 0.001) (Fig. 1 J, + neurogenesis (8) . Indeed, although Satb2 was preferentially expressed in the upper CP (layers II-IV) in all genotypes ( Fig. 2 A-D) , Satb2 was also ectopically expressed in the Neurog2
Ascl1
−/− lower CP (1.48-fold increase; n = 3; P < 0.01), GZ (58.29-fold increase; P < 0.001), and intermediate zone (IZ) (2.42-fold increase; P < 0.05) (Fig. 2 D and M) . Although these increases could be indicative of migratory defects, there also was an overall increase in the total number of Satb2 + neurons in Neurog2
;Ascl1 −/− cortices (1.25-fold increase; P < 0.05) (Fig. 2M′ ). More neurons thus acquire a Satb2
+ phenotype in the absence of Neurog2 and Ascl1. We next examined the expression of upper-layer markers that are not known to be part of the derepression circuit, Bhlhe22 (27) and Cux1/2 (28), which are expressed in layer II-IV neurons. In Neurog2
−/− cortices, there was a 1.27-fold decrease in Bhlhe22 + neurons in the upper CP (n = 3; P < 0.05), but more Bhlhe22
+ neurons were present in the lower bin (1.48-fold increase; P < 0.05) and GZ (48.49-fold increase; P < 0.001) ( Satb2, Cux1/2, and Bhlhe22 are thus all ectopically expressed in lower cortical layers in Neurog2
;Ascl1 −/− cortices, suggesting that upper-layer markers are precociously expressed in deep layers and/or indicating upper-layer migratory errors, possibilities we assess below.
Satb2
+ Neurons Are Generated Precociously in Neurog2
Cortices. To examine migration and the timing of neurogenesis, we injected BrdU into pregnant dams at E12.5 or E14.5 to label proliferating progenitors and harvested embryos at E17.5. Only the progenitors that exited the cell cycle to undergo neurogenesis at the time of labeling retained a BrdU signal. Fewer BrdU-labeled postmitotic cells were detected in Neurog2
;Ascl1 −/− cortices (1.54-fold reduction; n = 3; P < 0.01) (Fig. 3 A-D and I), most notably in the lower CP (2.07-fold decrease; P < 0.01) (Fig. 3J ). There were no overall differences in the total number of E12.5-born neurons in Neurog2 −/− or Ascl1 −/− single-mutant cortices ( Fig. 3 A-D and I). However, there were fewer E12.5-born neurons in the lower CP in Neurog2 −/− cortices (1.49-fold; P < 0.05), and there was a corresponding increase in the GZ (3.32-fold increase; P < 0.001) and IZ (2.75-fold increase; P < 0.001) (Fig. 3J) , a finding that is consistent with previously described migration defects (21) . In contrast, there were no differences in overall numbers of E14.5-born neurons in wild-type or Neurog2;Ascl1 single and double mutants ( Fig. S3 A-I). However, more late-born neurons were detected in the lower CP and GZ in double mutants ( Fig. S3J) , suggesting that migratory errors may contribute, in part, to the ectopic expression of Satb2, Cux1, and Bhlhe22.
To assess the timing of neurogenesis, we combined layer markers with E12.5→E17.5 BrdU birthdating. Colabeling of BrdU and Tbr1 revealed that there were fewer E12.5-born Tbr1
+ neurons in E17.5 Neurog2 −/− (1.32-fold decrease; P < 0.001) and Neurog2
finding that is consistent with the decreased number of Tbr1
+ neurons in the lower CP of these embryos (Fig.  1N ). The reduction in Tbr1 + neurons in Neurog2 −/− cortices likely reflects the misspecification of early-born neurons to a GABAergic fate, as previously shown (20) . However, GABAergic neurons are not ectopically generated in Neurog2
cortices (20, 21) . Instead, there was a striking increase in the number of Satb2
+ neurons born at E12.5 in double mutants, as is consistent with the precocious differentiation of these normally late-born neurons (2.79-fold increase; P < 0.05; Fig. 3 E-H and L).
To confirm that Satb2 + neurons were born prematurely in double mutants, we examined laminar marker expression at E12.5, when only deep-layer Tbr1 + neurons are normally present. Compared with wild-type and Ascl1 −/− cortices, a reduction but not a complete loss of Tbr1 + neurons was observed in E12.5 Neurog2 −/− and Neurog2 (Fig. S4 A-D) . Conversely, Satb2, which marks upper-layer cortical neurons that are born after E14.5 and which is normally expressed only in the very lateral cortex at E12.5, was precociously expressed in Neurog2 
;Ascl1
−/− cortices, suggesting that these markers could be coexpressed within the same cells. In wild-type cortices, Tbr1 and Satb2 are coexpressed in a small proportion of wild-type neurons during early corticogenesis, but by E15.5 double-positive cells largely resolve into single-positive cells (9) . We similarly found that a small number of cortical neurons coexpressed Tbr1 and Satb2 in E17.5 wild-type, Neurog2 −/− , and Ascl1 −/− cortices, but in Neurog2
+ neurons coexpressed Satb2 (15.52-fold increase vs. wild-type; P < 0.0001), and most Satb2 + neurons coexpressed Tbr1 (15.35-fold increase; P < 0.0001) (Fig. 3 M-R) . Thus, in the absence of Neurog2 and Ascl1, cortical neurons acquire a mixed identity that is reminiscent of an earlier developmental stage ( Fig. 3 S and T) .
Specification of appropriate laminar identities is essential for the development of callosal and corticofugal projections. Accordingly, although transient axonal glycoprotein 1 (TAG1)-labeled axons projected laterally to enter the ventral telencephalon in Neurog2 and Ascl1 single mutants, they failed to do so in Neurog2
cortices, instead truncating prematurely in the cortical IZ (Fig. 4  A-D) . The further lateral extension of corticothalamic projections into the ventral telencephalon was also disrupted in E17.5 Neurog2 mutants, as previously reported (21, 29) and as shown by TAG1 immunostaining (Fig. 4 A-D) . In addition, anterograde labeling of corticofugal axons with a 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) injection in the rostral cortex (Fig. 4 E-H) labeled projections to the ventrobasal nucleus in the thalamus in wild-type and Ascl1 mutants but not in Neurog2
and Neurog2
−/−
;Ascl1 −/− cortices (Fig. 4 E′-H′). L1 labeling revealed mild, incompletely penetrant defects in the corpus callosum in E17.5 Neurog2 −/− cortices, with some axons defasciculating and projecting aberrantly instead of targeting the midline (Fig. 4 I and J) , as reported previously (29) . In contrast, very severe defects were observed in the midline in E17.5 Ascl1 −/− cortices: The two hemispheres were not properly fused, the corpus callosum was missing, and L1-labeled callosal axons did not cross the midline, instead forming aberrant Probst bundles (Fig. 4K) , as previously documented (30) . However, an even more striking phenotype was observed in the midline of E17.5 Neurog2
−/− cortices, with L1 + axons undergoing widespread defasciculation to form multiple, misdirected axonal bundles (Fig. 4L) .
We asked whether the failure of callosal axons to extend across the midline in E17.5 Ascl1 −/− and Neurog2 −/− ;Ascl1
cortices arose because of defects in midline glia, which serve as a substrate for callosal axons and are required for corpus callosum formation (31) . In E17.5 wild-type and Neurog2 −/− cortices, GFAP marked all midline glia populations, including indusium griseum glia and midline zipper glia, which attract callosal axons to cross the midline, and the glial wedge, which prevents callosal axons from entering the ventral septum (Fig. 4 M and N) . In contrast, in E17.5 Ascl1 −/− and Neurog2 −/− ;Ascl1 −/− cortices, a pronounced reduction in GFAP expression was observed in the midline (Fig. 4 O and P) . 
;Ascl1
−/− cortices, we asked whether these proneural genes were sufficient to specify deep-layer identities. We first focused on Neurog2, generating a conditional gain-of-function transgenic line to assess its laminar fate-specification properties. We did not generate Ascl1 transgenics, because Ascl1 promotes the ectopic expression of both neuronal and glial markers, complicating analyses in vivo (32, 33) . A conditional Neurog2 gain-of-function allele was generated using a transgene carrying a floxed "stop" cassette and the Neurog2 coding sequence (flSTOP::Neurog2) (Fig. S5A) . flSTOP::Neurog2 and Foxg1
CreKI mice were crossed to generate double transgenics hereafter referred to as "Neurog2-Tgs." Foxg1 is expressed throughout the telencephalon from E9.5; however, the genetic background influences Cre tissue specificity in Foxg1 CreKI mice (34) . In E12.5 Foxg1
CreKI ;Rosa-GFP mice, GFP was expressed throughout the dorsal but not the ventral telencephalon (Fig. S5 B and B′), suggesting that in our CD1 background this driver is preferentially active in cortical lineages. Accordingly, we amplified a transgene-specific transcript from E13.5 cortical tissue using primers anchored in the 5′ region of Neurog2 and the unique 3′ UTR (Fig.  S5C) . Moreover, immunostaining of E13.5 sections revealed that more cortical progenitors expressed Neurog2 protein in Neurog2-Tg than in wild-type cortices (Fig. S5 D and D′) . We thus have generated a conditional Neurog2 gain-of-function transgenic line that drives Neurog2 expression in a sustained manner rather than in its normal oscillatory pattern of expression (35) .
More Early-Born Neurons and Fewer Late-Born Neurons Are Produced in Early-Mid Corticogenesis in Neurog2-Tgs. We reasoned that if Neurog2 instructed early identities, Neurog2-Tgs should generate more Tbr1
+ and Ctip2 + neurons at the expense of Satb2 + neurons. At E13.5, a reduction in overall cortical size was evident in Neurog2-Tg brains (Fig. S5 E and E′) , and this finding was confirmed in H&E-stained E13.5 coronal sections (Fig. S5 F and F′) . Nevertheless, more Tbr1 + neurons were generated in Neurog2-Tg cortices, both overall (Tbr1 + ; 1.90-fold increase; n = 3; P < 0.001) and in proportional representation (Tbr1 + /DAPI + ; 2.58-fold increase; P < 0.01) (Fig. 5 A-A′′′) . The same pattern was observed for Ctip2 + neurons in Neurog2-Tgs, with increases in both total number (Ctip2 + ; 1.37-fold increase; n = 3; P < 0.05) and proportional representation (Ctip2 + /DAPI + ; 2.11-fold increase; n = 3; P < 0.001) (Fig. 5 B-B′′′) . Collectively, these data suggested that a greater fraction of Tbr1 + and Ctip2 + neurons occupied the E13.5 Neurog2-Tg cortex. As a corollary, we anticipated a decrease in the production of Satb2 + neurons. Indeed, although 6.01 ± 0.18% of DAPI + cells in the CP expressed Satb2 in E15.5 wild-type cortices, no Satb2
+ neurons were observed in E15.5 Neurog2-Tg cortices (P < 0.001) (Fig. 5 C-C′′′) . Conversely, Fezf2, a Satb2 repressor, was ectopically expressed in the CP as well as the GZ in E15.5 Neurog2-Tg cortices (Fig. S6 A and B) , the latter reminiscent of the early (E12.5) expression of Fezf2 in wild-type cortical progenitors (36) . Thus there is a striking bias toward the production of layer V and VI neuronal phenotypes in Neurog2-Tgs, along with an apparent repression of Satb2 + upper-layer identities.
More Early-Born and Fewer Late-Born Neurons in Late Corticogenesis
in Neurog2-Tgs. If Neurog2 was indeed a true determinant of an early identity, we reasoned that the bias toward deep-layer marker expression would be maintained in E17.5 Neurog2-Tgs, when cortical neurogenesis is complete. At E17.5, Neurog2-Tg Analyses of laminar fates in dorsomedial domains, where mutant studies were performed, revealed that the total number of Tbr1 + neurons was similar in wild-type and Neurog2-Tg cortices (Fig. 5  F-F′′) . However, given the reduced size of the cortex, there was an increase in the proportion of Tbr1 + /DAPI + cells (1.92-fold increase; P < 0.001) (Fig. 5F′′′) . Similarly, although the overall number of Ctip2 + neurons was unchanged in Neurog2-Tg cortices, the proportion of Ctip2 + /DAPI + cells was increased (2.14-fold increase; n = 3; P < 0.001) (Fig. 5 G-G′′′) . In contrast, very few Satb2 + neurons were generated in Neurog2-Tg cortices, both in total (50.85-fold decrease; n = 3; P < 0.01) and with respect to DAPI + cells (22.59-fold decrease; n = 3; P < 0.001) (Fig. 5 H-H′′′) . Similarly, in E17.5 Neurog2-Tg cortices, both the total number (3.89-fold decrease; n = 3; P < 0.001) and proportional distribution of Cux1/2 + /DAPI + cells (1.82-fold decrease; P < 0.01) were significantly lower in Neurog2-Tgs (Fig. 5 I-I′′′) .
The increased production of early-born Tbr1 + and Ctip2 + neurons as a proportion of total cell number in Neurog2-Tgs might arise from a general increase in cell cycle exit and depletion of the progenitor pool rather than from a specification function of Neurog2. We used BrdU birthdating to investigate whether Neurog2 could specify early-born fates outside the normal early window. Pregnant dams were injected with BrdU at E14.5, when primarily Satb2 + cells are normally being generated, and were killed at E17.5. The proportion of BrdU + cells that coexpressed Ctip2 was greatly increased in Neurog2-Tg compared with wild-type cortices (5.17-fold increase; n = 3; P < 0.0001) (Fig. 5 J-J′′′) . Thus, Neurog2 can increase the time of deep-layer neurogenesis. However, this lengthening could either indicate a role for Neurog2 in fate specification or be an indirect consequence of the depletion of the pool of cortical progenitors that are restricted to upper-layer phenotypes (37) . We addressed these possibilities in more detail as discussed below.
Altered Progenitor Cell Dynamics in Neurog2-Tg Cortices. To ask whether Neurog2 influenced neuronal production by altering progenitor cell dynamics, we used Sox2 and Pax6 to label RGCs and Tbr2 to label INPs. Fewer Sox2 + RGCs were detected in the VZ of Neurog2-Tgs at both E13.5 (1.44-fold decrease; n = 3; P < 0.05) (Fig. 6 A-B′) and E17.5 (2.07-fold decrease; n = 3; P < 0.01) (Fig. 6 C-D′) . Similarly, fewer Pax6
+ VZ progenitors were detected in E13.5 (1.62-fold decrease; n = 3; P < 0.01) (Fig. 6 E-F′) and E17.5 (2.08-fold decrease; n = 3; P < 0.01) (Fig. 6 G-H′) Neurog2-Tg cortices, confirming that the RGC pool was indeed reduced in size. In contrast, although more Tbr2 + INPs were detected in the E13.5 Neurog2-Tg GZ (1.42-fold increase; P < 0.001) (Fig. 6 I-J′) , this number was reduced by E17.5 (3.07-fold decrease; n = 3; P < 0.001) (Fig. 6 K-L′) .
Pax6 and Tbr2 were also ectopically expressed in the Neurog2-Tg PP/CP, which are nonproliferative layers (e.g., see lack of BrdU incorporation in Fig. 6N ). Tbr2 is a direct Neurog2 target gene (38) , so its ectopic expression was anticipated. In contrast, ectopic Pax6 expression was unexpected, given that the same phenotype is observed in Neurog2 −/− cortices (39). Thus, both the loss of Neurog2 (39) and its sustained expression, as achieved in Neurog2-Tg cortices, as opposed to its normal oscillatory expression (35) , prevent Neurog2 from carrying out its customary role in turning off Pax6 expression.
To conclude, Neurog2 not only promotes the excessive production of early-born, deep-layer Ctip2
+ neurons, possibly with an aberrant identity but also promotes RGC-to-INP progression and the precocious depletion of INPs, as is in line with previous acute gain-of-function assays (39) . The decline in progenitor cell number was not caused by cell death, because apoptosis was not increased in Neurog2-Tgs at E13.5 (n = 3) (Fig. S6  C, D, and D′) or E17.5 (n = 3) (Fig. S6 E, F, and F′) , as assessed by the expression of activated caspase-3.
The reduction in progenitor pool size in Neurog2-Tgs suggested that progenitors were undergoing differentiation at the expense of proliferation. Indeed, labeling of S-phase progenitors with a 30-min BrdU pulse revealed that there were fewer dividing cells in Neurog2-Tg cortices (1.90-fold reduction: n = 3; P < 0.001) (Fig. 6 M-N′) . The reduction in proliferating cells was particularly evident in the basal progenitor pool, where fewer pHH3 + cells were detected in E13.5 Neurog2-Tgs (4.67-fold reduction; P < 0.01) (Fig. 6 O-P′) . In further support of the idea that Neurog2-Tg cortical progenitors preferentially differentiated rather than proliferated, we calculated the leaving fraction, labeling E13.5 S-phase progenitors with BrdU and then assessing the percentage of labeled cells that differentiated 24 h later by costaining with NeuN. Neurog2-Tg cortices displayed a significant increase in number of BrdU
+
NeuN
+ neurons exiting the cell cycle at E13.5 (2.55-fold increase; n = 3; P < 0.05) (Fig. 6 Q-R′) . Finally, cortical cells isolated from Neurog2-Tgs displayed an almost complete inability to form primary neurospheres, indicating a lack of proliferative and self-renewal capacity (290-fold decrease; n = 4; P < 0.001) (Fig. 6 S-T′) . Neurog2-overexpressing RGCs thus either undergo deep-layer neurogenesis directly or give rise to basal progenitors, which themselves differentiate rapidly, all at the expense of proliferation and self-renewal.
Neurog2 and Ascl1 Specify Early Laminar Fates in Early Cortical
Progenitors. To test whether Neurog2 specifies a deep-layer fate without the confounding issue of progenitor cell depletion, and also to examine the specification properties of Ascl1, we misexpressed these genes both within and outside the normal window of deep-layer neurogenesis using a transient gain-of-function approach. Bicistronic expression vectors containing an internal ribosome entry site (IRES)-EGFP cassette were electroporated into E12.5 cortical progenitors in utero (40) . Notably, activated caspase 3 was not induced in E12.5→E13.5 cortical electroporations, allowing us to assess fate decisions without the concern of apoptosis ( Fig. S7 A-D) . In E12.5→E14.5 electroporations, Neurog2 induced a 2.39-fold increase in the number of GFP + cells that expressed Tbr1 relative to pCIG2 controls (n = 3; P < 0.05), as demonstrated previously (39) , whereas Ascl1 did not alter the numbers of Tbr1 + GFP + cells (Fig. 7 A-D) . In contrast, Neurog2 (2.97-fold increase vs. pCIG2; n = 3; P < 0.01) and Ascl1 (2.01-fold increase; n = 3; P < 0.05) had a similar capacity to induce the generation of Ctip2 + GFP + cells (Fig. 7 E-H) . The induction of laminar markers was also seen within 24 h, with Neurog2 inducing 1.7-and 1.8-fold increases in Tbr1 and Ctip2 expression (n = 3; P < 0.05), respectively, in E12.5 to E13.5 electroporations, whereas Ascl1 induced a 1.6-fold increase in Ctip2 expression (n = 3; P < 0.05) (Fig. S7 E-L) .
Ctip2 marks not only glutamatergic, subcerebral layer V neurons but also a subset of GABAergic interneurons (41) . Ascl1 is also necessary and sufficient to specify a GABAergic fate (20, 25, 30) , prompting us to assess the neurotransmitter phenotype of Ctip2
+ cells generated by Ascl1 misexpression. Of the Ctip2 + neurons derived from E12.5 electroporations of pCIG2 or Ascl1, less than 5% coexpressed GAD1 (Fig. S8 A-I ), but more than 93% coexpressed vGlut1 (n = 3) (Fig. S8 J-R). Neurog2 and Ascl1 are thus both sufficient to promote the acquisition of features of a glutamatergic, layer V subcerebral cell identity, whereas only Neurog2 promotes a Tbr1 + layer VI fate.
Neurog2 Has a Limited Capacity to Specify Early Neuronal Features in Late
Cortical Progenitors. Highlighting the instructive properties of the proneural genes, Neurog2 promotes the ectopic expression of glutamatergic neuronal markers, including Tbr1, in ectopic sites in the ventral telencephalon (42), whereas Ascl1 induces the expression of GABAergic markers in dorsal domains (25, 33) . To test whether Neurog2 and Ascl1 were sufficient to induce a deep-layer neuronal identity outside the normal temporal window, we performed E15.5→P4 cortical electroporations, targeting progenitors that give rise to upper layer neurons. Strikingly, in E15.5→P4 electroporations, Neurog2 did not induce the ectopic expression of Tbr1 (Fig. 7 I-L), in agreement with our previous report (42) , nor did it induce Ctip2 (Fig. 7 M-P), Satb2 (Fig. 7 Q-T) , or Cux1 (Fig. 7 U-X) . However, although pCIG2-transfected E15.5 progenitors primarily gave rise to P4 neurons that projected their axons medially (i.e., callosal projections) (Fig. 7 Y and Y′) , a subset of neurons derived from Neurog2-overexpressing E15.5 progenitors aberrantly projected their axons laterally to target the ventral telencephalon, a characteristic of earlierborn corticofugal neurons ( Fig. 7 Z and Z′ and Fig. S9 ). These data suggest that Neurog2 is sufficient, as well as required (21), to form subcortical projections and furthermore suggest that Neurog2 has some capacity to confer characteristics of deep-layer identities onto late progenitors, although these effects are unlikely to be mediated by components of the derepression circuit. Ascl1 misexpression at E15.5 was also not sufficient to alter the expression of Tbr1 (Fig. 7 I-L) or Ctip2 (Fig. 7 M-P) by postnatal day (P)4. However, Ascl1 promoted a 1.27-fold decrease in Satb2
+ neurons (n = 3; P < 0.05) (Fig. 7 Q-T) and a corresponding 1.17-fold increase in Cux1/2 + neurons (n = 3; P < 0.05) (Fig. 7 U-X) . Cux1 expression is more prominent than Satb2 in the more superficial cortical layers (9) and is required for the formation of callosal projections (43) . P4 cortical neurons derived from Ascl1-overexpressing E15.5 progenitors primarily projected their axons medially across the corpus callosum, but the axon tracts were less tightly fasciculated than control axons ( Fig. 7 AA and AA′) , and some misdirected axons projected laterally into the ventral telencephalon and dorsally in the midline (Fig. S9) . Therefore Neurog2 and Ascl1 are, for the most part, not sufficient to alter the cortical derepression circuit at E15.5, with the exception of Ascl1 inhibiting Satb2 and an upper-layer fate.
However, their misexpression induces axon-guidance defects, including the generation of a subset of neurons with corticofugal projections that are characteristic of earlier-born neurons.
Neurog2 and Ascl1 Regulate the Expression of Known Temporal Identity
Determinants. Finally, to assess whether Neurog2 and Ascl1 confer early cortical fates via known temporal determinants, we profiled the expression of Foxg1 (16, 17) , Ikaros (18), and PRC1 (Rnf2) and PRC2 (Ezh2) components (19) in Neurog2;Ascl1 mutants. At E12.5, Foxg1, which is required to repress Tbr1 during the transition to upper-layer neurogenesis (17) , was expressed in the VZ and in early-born PP neurons (Fig. 8 A-D) , as previously reported (16) . A reduction in Foxg1 expression was evident in Neurog2 −/− ;Ascl1 −/− cortices, both by immunostaining (Fig. 8D) and by RT-qPCR (1.26-fold decrease; n = 3; P < 0.001) (Fig. 8E) . Conversely, expression of Ikaros, the overexpression of which promotes an early deep-layer identity (18) , was elevated 1.23-fold in E12.5 Neurog2
cortices (n = 3; P < 0.001) (Fig. 8F) . In contrast, no changes were observed in the expression of Rnf2 or Ezh2 (Fig. 8 G and H) , suggesting that Neurog2 and Ascl1 do not regulate laminar fates by controlling PRC complexes.
We next assessed whether Neurog2 was sufficient to regulate this set of temporal determinants in Neurog2-Tg cortices. Foxg1 expression was almost undetectable in the dorsal telencephalon of Neurog2-Tgs (Fig. 8 I , I′, J, and J′), and accordingly, there was an 18.68-fold reduction in Foxg1 transcripts in E13.5 Neurog2-Tg cortices by RT-qPCR (n = 3; P < 0.0001) (Fig. 8K) . Conversely, we found that Ikaros was up-regulated 2.29-fold in Neurog2-Tg cortices (n = 3, P < 0.05) (Fig. 8L) , a finding that also is consistent with the increase in Tbr1
+ and Ctip2 + neurons in these transgenics. Finally, as is consistent with the loss-of-function data, transcript levels for the PRC complex components Rnf2 and Ezh2 were not altered in E12.5 Neurog2-Tgs (Fig. 8 M and N) .
Discussion
In an instructive mode of cell-fate specification, genetic switches turn one set of genes on while repressing genes in competing lineages (39) . Alternatively, cell fates are specified by a derepression circuit of transcriptional repressors, as seen during the specification of laminar fates in the neocortex (1) and of dorsoventral identities in the spinal cord (44) . In Neurog2 −/− ;Ascl1 −/− cortices, we observed several defects in the derepression circuit, including a failure to extinguish deep-layer Tbr1 expression in late-born, upper-layer neurons and the precocious expression of Satb2, an upper-layer marker, in early-born, deep-layer neurons ( Fig. 8 O and P) . Using gain-of-function assays, we found that Neurog2 is sufficient to specify both Ctip2 + and Tbr1 + early-born neuronal identities while preventing the differentiation of Satb2 + late-born neurons, but only when misexpressed in early, but not late, cortical progenitors (Fig. 8Q) . Similarly, Ascl1 is sufficient to specify a Ctip2 + identity only in early, and not in late, progenitors, although it can suppress a Satb2 + fate at later stages. Thus the fate-specification properties of the proneural genes are temporally regulated, as discussed further below.
Our data suggest that the cortical derepression circuit is not yet operational at E12.5, when only deep-layer Tbr1 + neurons are being generated ( Fig. 8 R and S) . If the derepression circuit were active at E12.5, the loss of Tbr1 + cells in both Neurog2 
;Ascl1
−/− cortices is at the level of Fezf2/Ctip2 (Fig. 8 Q-S their normal temporal window. In addition, Fezf2 was ectopically expressed in Neurog2-Tg cortices, including in the CP and GZ. Fezf2 is normally expressed in both zones at E12.5 but becomes restricted to the CP by E15.5 (36) . Prolonging GZ expression of Fezf2 up to E15.5 in Neurog2-Tgs may expand the temporal window for subcerebral neurogenesis, consistent with our finding that Ctip2 + cells were ectopically generated at E15.5, outside their normal time frame. Although we do not yet know whether the interactions between the proneural genes and Fezf2/Ctip2 are direct, the ability of Neurog2 to regulate Fezf2 expression in progenitors suggests that these two factors form a feedback loop, because Fezf2 also indirectly regulates Neurog2 expression by repressing Hes5 (45) .
Our data suggest that Ascl1 is also a laminar fate determinant, rather than simply promoting cell-cycle exit and generic neurogenesis. Indeed, misexpression of Ascl1 in E12.5 progenitors promotes the formation of Ctip2 + neurons that are glutamatergic and not GABAergic. Ascl1 also promotes a glutamatergic fate in other contexts, including in E10.5 cortical progenitors [CajalRetzius neurons (23) ] and in direct neuronal reprogramming studies in fibroblasts (46) . Ascl1 thus is promiscuous in its choice of target genes, promoting the formation of Ctip2 + glutamatergic projection neurons in early cortical progenitors (this study) as well as GABAergic interneurons (25) and proliferative Sox9 + glioblasts (33) and Cux1 + neurons in later progenitors (this study). How Ascl1 selects its downstream transcriptional targets to promote different cell fates is not entirely clear, although RAS/ERK signaling has been implicated in biasing Ascl1-expressing progenitors toward glioblast lineages (33).
The fate-specification properties of Neurog2 and Asc1l are temporally regulated, suggesting that they may not be instructive determinants or that the competence window for their functions may be short. For example, misexpression of Neurog2 in E15.5 cortical progenitors outside the normal temporal window for deep-layer neurogenesis did not induce ectopic Tbr1 expression (this study and ref. 42 ). However, in other contexts Neurog2 is instructive for a Tbr1 + neuronal fate, promoting the ectopic generation of Tbr1 + neurons when misexpressed in the embryonic ventral telencephalon (39) and in adult neural stem cells (47) . One reason for Neurog2's altered activity at E15.5 may be that Neurog2 becomes phosphorylated by GSK3 at this stage, limiting its proneural functions and altering target gene selection (48) . In addition, chromatin becomes more compacted as corticogenesis proceeds, so Neurog2 target genes that are accessible at E12.5 may no longer be accessible at E15.5 (49) .
One striking feature of the E15.5→P4 Neurog2 electroporations was that, even though Neurog2 did not influence the derepression circuit, it altered the axonal projection patterns of resultant neurons, some of which elaborated aberrant corticofugal projections that are not normally made at this time point. These data are consistent with previous reports that Neurog2 is required for the formation of subcortical (21, 29) , mitral cell (22) , and thalamic (50) axonal projections, highlighting the importance of Neurog2 in regulating axon guidance. These data also argue that Tbr1, which is not induced by Neurog2 misexpression at E15.5, may not be required for the formation of corticofugal projections. Indeed, Tbr1
−/− deep-layer neurons project into the internal capsule, although there are defects in innervation of the thalamus (51) . In contrast, Fezf2 and Ctip2, which also are not induced by Neurog2 at E15.5, are required for the formation of subcerebral projections (5, 11, 12) . Neurog2 therefore must induce the expression of other factors that alter the axonal projection patterns of E15.5-born neurons.
Finally, we found that by overexpressing or knocking out Neurog2 and Ascl1 we altered the timing of fate specification, increasing deeplayer identities in both cases, but for different reasons. In gain-offunction assays, Neurog2 induced Tbr1 expression, whereas Neurog2 and Ascl1 induced Ctip2 expression, with Neurog2 expanding the temporal window in which these early-born neurons are generated. In loss-of-function assays, upper-layer neurons are generated precociously (Satb2) in Neurog2 −/− ;Ascl1 −/− cortices, but at the same time, because the derepression circuit is altered, Tbr1, which marks a deep-layer fate, is ectopically expressed in later-born, upper-layer cortical neurons. Neurog2 is required both to turn on and to turn off inappropriate gene-expression programs to regulate lineage expression (39) , so the inability to turn off Tbr1 in double mutants suggests that some aspects of an early identity are expressed outside their normal temporal window. Thus Tbr1 is expressed ectopically in both Neurog2;Ascl1 and Neurog2-Tg animals, and, accordingly, Foxg1, which is required to repress Tbr1 (17) , is down-regulated. Conversely, the expression of Ikaros, which promotes an early identity (18) , is upregulated in both loss-and gain-of-function models.
Materials and Methods
Animals. Animal procedures were approved by the University of Calgary (AC11-0053) and Sunnybrook Research Institute (16-604) Animal Care Committees in compliance with the Canadian Council of Animal Care. Neurog2 GFPKI (25), Ascl1 GFPKI (012881; Jackson Laboratories) and Foxg1 CreKI (34) mice were previously described, and Neurog2-Tg mice are described in SI Materials and Methods. All mutations were maintained on a CD1 background. Embryos of either sex were used throughout the study.
In Utero Electroporation. cDNA expression vectors were introduced into dorsal telencephalic (cortical) progenitors using in utero electroporation as previously described (23, 48) . pCIG2-Neurog2 (48) and pCIG2-Ascl1 (23) expression vectors were described previously. 
